Using a first-principles density-functional method we model electron transport through linear chains of monovalent atoms between two bulk electrodes. For noble-metal chains the transport resembles that for free electrons over a potential barrier whereas for alkali-metal chains resonance states at the chain determine the conductance. As a result, the conductance for noble-metal chains is close to one quantum of conductance, and it oscillates moderately so that an even number of chain atoms yields a higher value than an odd number. The conductance oscillations are large for alkali-metal chains and their phase is opposite to that of noble-metal chains. Chains of metal atoms can be considered as ultimate conductors of the future nanoelectronics. On the other hand, their experimental and theoretical investigation enlightens fundamental physical issues related to the confinement of electron states. 1 Especially, an interesting question is how the valency 2 and the different responses of different types of atomic states (s, p, and d orbitals͒ are reflected in the various properties of the atomistic constrictions. A possible realization of conducting atom chains is a string of gold atoms adsorbed on a silicon surface. 3 Moreover, the formation of free-standing chains of gold atoms between two bulk electrodes was predicted by molecular-dynamics calculations 4 and verified by high-resolution transmission electron microscopy 5 and mechanically controlled break junction ͑MCBJ͒ experiments. 6 Transport properties of atomic contacts have been investigated for more than a decade. 1 The well established quantization of conductance of gold contacts and chains has made them benchmark systems. In the MCBJ experiments it is possible to measure conductance and chain-length distributions simultaneously and thereby correlate these measures. 7 Very recently, it has been reported that the conductance of chains of Au, Pt, and Ir atoms oscillates as a function of the number of atoms in the chain. 8 However, the detailed structure of chain, including the actual number of chain atoms, remains unknown in the MCBJ measurements. This clearly calls for support from first-principles calculations.
In the present work we consider chains of monovalent alkali-metal ͑AM͒ and noble-metal ͑NM͒ atoms. When pulling them in experiments, the conductance is just before breaking close to one quantum (1 G 0 ϭ2e 2 /h) signaling that only one channel is open for transmission. 1 Theoretically, the conductance of Na atom chains has been studied with density-functional electronic-structure calculations. [9] [10] [11] Sim et al. 10 predicted using the Friedel sum rule that the conductance of a chain of an odd number of Na atoms between bulk electrodes is close to 1 G 0 whereas that for a chain of an even number of atoms is clearly below 1 G 0 . This was confirmed by Tsukamoto and Hirose. 11 The findings for the Na atom chains can be rationalized 10 by noting that the atom chain exhibits strong molecular-orbital-like resonances, the positions of which relative to the Fermi level are determined by the charge neutrality requirement. Recently, Thygesen and Jacobsen 12 calculated conductances of Al atom chains. The conductance shows oscillations with a period of four Al atoms. The results can be understood by the resonance formation, but instead of the charge neutrality requirement the electronic structure of an infinite wire has to be used in the interpretation.
Several works have addressed also the conductance of gold wires on the basis of electronic-structure calculations. [13] [14] [15] These works show that the chains have a tendency to dimerize upon strong elongation in accord with the Peierls mechanism. However, the conductance as a function of the chain length has not been studied consistently. Brandbyge et al. 16 calculated the transmission for gold chains of two different lengths using the tight-binding formalism with the local charge neutrality requirement. The chain with an even number of atoms showed a slightly larger conductance than that with an odd number of atoms.
We calculate the conductance versus the chain length for AM and NM chains connected to electrodes. Although both types of systems can be considered as monovalent we find unexpected differences in the electron transport near the Fermi level. Their origin is in the hybridization of the d orbitals with the s orbitals in the NM systems. Surprisingly, the transport through the NM chains is free-electron-like whereas that for AM chains is dominated by strong resonances of molecular-orbital character.
We perform electronic-structure calculations within the density-functional theory and the local-density approximation for electron exchange and correlation. Nonlocal normconserving scalar-relativistic pseudopotentials with partial core-corrections and atomic-orbitals basis sets of the SIESTA code are used. 17, 18 The electronic structures and transport properties are determined using the nonequilibrium Green'sfunction method based on the TRANSIESTA package. 19 The geometry used for the nanoconstrictions is shown in Fig. 1͑a͒ . The leads have the face-centered-cubic ͑fcc͒ structures and the atom chain is in the ͓100͔ direction. The calculation volume ͑repeated periodically perpendicular to the wire͒ is shown in the figure. The chain atoms ͑with the coordination number of 2͒ are labeled by successive integers. The tip atoms labeled by T L and T R belong to the electrodes. The successive atomic layers in the left and right leads are labeled as L i and R i , iϭ1, . . . ,3, respectively. In the calculation volume there are totally 109ϩN atoms, with N atoms in the chain. The electronic structure corresponding to 46 ϩN atoms is solved self-consistently, and for the remaining atoms the effective potential is frozen to the value calculated self-consistently for the bulk system. We have tested that the enlargement of the supercell does not change significantly the results obtained. We will focus on the effects of the electronic structure on the conductance. Therefore we use the same structure, with the experimental bulk nearest-neighbor atom distances (r ‫ؠ‬ ) in the chain, for both the AM and NM systems. The distances r ‫ؠ‬ used are 2.630 Å ͑Na͒, 3.762 Å ͑Cs͒, 2.556 Å ͑Cu͒, 2.889 Å ͑Ag͒, and 2.886 Å ͑Au͒. Figures 1͑b͒ and 1͑c͒ show the conductances of the AM ͑Na and Cs͒ and NM ͑Cu, Ag, Au͒ chains, respectively. For the AM chains the conductance is close to 1 G 0 for odd N and for even N the conductance is clearly below 1 G 0 . These even-odd oscillations have been reported in theoretical studies for Na wires [9] [10] [11] for various types of electrode models. Our finding that similar oscillations are found also when using fcc electrodes means that the result does not depend strongly on the detailed structure of the electrode. The origin of the conductance oscillations is an induced resonance state which is well localized at the chain. 10, 20 Due to the charge neutrality requirement the resonance is half filled for an odd N causing a high local density of states ͑LDOS͒ at the Fermi level (E F ) in the chain. Therefore the conductance has a maximum. For even N the resonance is filled and well below E F resulting in a low LDOS at E F and a low conductance. The behavior of the conductance of the NM chains differs from that of the AM chains. The phase of the oscillations is opposite to that for the AM chains and the minima drop only a few percent below 1 G 0 .
Also the density of states ͑DOS͒ and the electron transmission show important differences between the AM and NM systems. Figures 2 and 3 show the projected density of states ͑PDOS͒ and the energy-dependent transmission coefficient for the Cs chain with Nϭ9 and for the Au chain with Nϭ10, respectively. The PDOS includes the chain and the two tip atoms. The overall PDOS shape of the Cs chain decays toward high energies as is typical for a onedimensional system. However, there are strong peaks superimposed. They correspond to resonance states arising from the chain molecular orbitals with zero, one, two, etc., nodes along the chain. For a chain of N atoms there are N/2 resonance peaks below E F . Thus, our notation that only the atoms with the coordination number of 2 belong to the chain attains a real physical meaning. The corresponding resonance peaks dominate also the transmission as can be seen in Fig.  2͑b͒ . Thus, our results confirm the model by Sim et al. Figure 3 shows the PDOS and transmission as a function of energy for the Au nanoconstriction with Nϭ10. Since only a single eigenchannel is open near E F , the corresponding s-projected PDOS and s-channel transmission are shown in Fig. 3 . Below Ϫ0.6 eV the s-PDOS shows strong oscillations, resembling the oscillations in the total-PDOS for the Cs chain in Fig. 2͑b͒ . For energies above Ϫ0.6 eV the s-PDOS decays as the DOS in a one-dimensional system. Resonance states now appear as weak oscillations giving rise to shoulders in the PDOS. For the ten atom chain E F is located between two shoulders of the curve, while for a chain with an odd N E F is located at a shoulder. In the same energy region the transmission behaves free-electron-like, i.e., with transmission coefficients close to unity. However, there are small oscillations in the transmission coefficients, and interestingly the resonance shoulders now correspond to transmission minima. As we will illustrate with a simple model below, this behavior is related to interference of the incident wave with the wave reflected twice at the chain ends. In Fig.  3͑b͒ for Nϭ10 E F is close to a transmission maximum. This is true also for other even N values, while for odd N E F lies close to transmission minima. According to our results this behavior is valid for other noble metals, too. This interplay between the Fermi level and the transmission results in the conductance with the even-odd oscillations in Fig. 1͑c͒ .
Next we want to understand from the basic electronic structures why the transport is free-electron-like in the NM chains whereas in AM chains it is dominated by the resonances due to the molecular orbitals. The excess Mulliken charges per atom projected on the different atoms of the Cs and Au systems with Nϭ10 are shown in Fig. 4͑a͒ . For Au there is strong charge transfer so that the tip and the chain end atoms gain extra electron charge. The strong charge transfer can be understood as follows. At low-coordinated NM atoms, the electrons in the uppermost antibonding d states which are in the region of ion cores are transferred to the nonbonding s states which are away from ions ͑vacuum region͒ in comparison with the bulk atoms. 21 The driving forces of this rehybridization are both the increase of the bonding by reducing the electrons in the antibonding d states and the reduction of the kinetic energy by relaxing the electrons from ion cores toward vacuum. 21 Also the electrons in bonding s states are slightly relaxed toward vacuum to reduce the kinetic energy. The spill-out of the electrons toward vacuum by the rehybridization and the pure relaxation mechanisms increases the work function of the lowcoordinated NM systems. When the chain is connected to the leads the work function difference causes charge transfer from the leads to the chain because the spill-out is larger for the chain atoms than for the surface atoms. A dipole is formed so that the potential in the chain rises relative to that in the leads. The d bands are shifted upwards relative to E F when comparing the LDOS in the chain to that in the leads. This phenomenon is observed for Au chains also in the tightbinding calculations with the local charge neutrality. 16 For the AM systems with no electron in antibonding states the spill-out of the electrons in bonding states toward vacuum should lead to the weakening of bonds. Therefore both the spill-out and concurrently the charge transfer would be weak. Indeed in the case of AM the week charge transfer is observed as shown in Fig. 4͑a͒ . Next we argue that the strong charge transfer in the NM systems causes the transport properties to differ from the AM chains.
In the AM systems electron scattering takes place mainly at the connections between the chain and the leads. As shown in Fig. 2 resonances corresponding to molecular orbitals are formed and they are filled according to the charge neutrality requirement for the atom chain. 10, 20 This picture is confirmed in the PDOS for the Nϭ9 and Nϭ10 Cs nanoconstrictions in Fig. 4͑b͒ . Here the projection is performed at E F on different individual atoms. The even-odd oscillations in the PDOS for the odd N correspond to a molecular state which vanishes at every second atom. For even N the uppermost occupied molecular orbital has a similar amplitude on every chain atom, and there are no clear oscillations.
This scattering at the connection points is also present in the NM chains. If this were the only scattering mechanism we would obtain maximum transmission for odd N also for NM. 20 However, for the NM systems, this scattering is weak due to the stronger coupling ͑higher DOS͒ to the electrodes. This is reflected in the high transmission for both odd and even N for NM. The weak chain-electrode scattering makes additional scattering mechanisms inside the NM chains visible.
The PDOS for the Au chain in Fig. 4͑b͒ does not show strong oscillations in accord with the absence of the molecular-orbital character. The PDOS values rise from the leads to the chain corresponding to the potential barrier inside the chain caused by the charge-transfer dipoles. For the NM nanoconstrictions this barrier dominates the scattering near E F while the scattering at the connection points gives rise to the molecular-orbital-like resonances well below E F ͓see Fig. 3 ͑a͔͒. The electron transport is free-electron-like near E F and the transmission in Fig. 3͑b͒ obeys the equation for free electrons over a one-dimensional potential barrier, i.e.,
where V 0 and L are the barrier height and length, respectively. kϭͱ2(EϪV 0 ) is the wave vector inside the barrier region. According to Eq. ͑1͒ the transmission minima ͑maxima͒ appear when kLϭn/2 with n equal to an odd ͑even͒ integer. Now we need a relation between the Fermi wave vector k F and n. For an infinite chain of monovalent atoms k F ϭ/(2a), where a is the interatomic distance. For a finite wire with N atoms this translates into k F ϭn/2L, with LϭNa. To justify this relation we have calculated k F of the barrier model numerically, assuming that the barrier region is charge neutral. Indeed we find k F Ϸn/2L when n is even. Thus this simple barrier model explains the behavior of the transmission through the NM chains.
Conductances of Au atom chains have been measured recently by Smit et al. 8 using the MCBJ method. The conductance as a function of the Au atom chain length in individual pulls shows steps which are of the order of 0.1 G 0 , i.e., remarkably larger than the oscillations in our results for the Au chains with constant interatomic distances. Similar steps were recorded earlier by Rubio-Bollinger et al. 22 Furthermore, Smit et al. concluded that the maxima ͑minima͒ in the conductance correspond to an odd ͑even͒ number of atoms in the chain. This is also in contrast to our results in Fig. 1͑c͒ . The findings by Smit et al. resemble the conductance oscillations of the AM chains in Fig. 1͑b͒ . This behavior arises from the changes in the electronic structure as a function of the number of chain atoms. However, according to our calculations the electronic structures of the NM chains behave differently, and it is not justified to apply the models developed for the AM chains to interpret the NM chain results.
In addition to the purely electronic effects discussed above, the changes of atomic structure when a chain is pulled may affect the conductance behavior. In order to estimate the magnitude of these effects, we have calculated the electronic and the relaxed atomic structures along the conductance for the Au constriction with Nϭ2 chain atoms as a function of the elongation of the system. The starting point is the same configuration as discussed above but now with a different distance between the tip atoms T R and T L set up by changing the ͑equal͒ bond lengths between the ''dimer'' chain and tip atoms. Then we allow all the atoms except the buffer layer atoms ͓yellow circles in Fig. 1͑a͔͒ to relax in order to find their equilibrium positions. The calculation is repeated for a new longer initial distance between the tip atoms T R and T L until the wire breaks in the simulation with an abrupt decrease in the conductance. The conductance is shown in Fig.  5 as a function of the elongation. The conductance varies between 1.00 G 0 and 0.92 G 0 . This variation is correlated with changes in interatomic distances in the atom chain. The electronic structure remains at all elongation stages freeelectron-like, i.e., there are no strong resonances in the DOS near the Fermi level. The conductance variation in Fig. 5 is much larger than the oscillations seen in Fig. 1͑b͒ . Thus, the effect of the stretching on the conductance is larger than that of adding a new atom in a chain when keeping the interatomic distances constant.
To model the experimental situation in detail we would have to involve many more atoms in order to simulate how atoms are pulled from the bulk banks of the electrodes into the chain. Moreover a number of different initial geometries would probably have to be performed. This is well beyond the limitations of first-principles simulation of today. However, it is interesting to note that according to our preliminary results the conductance as a function of elongation behaves differently for different N. For example, for Nϭ3 the conductance variation is smaller than for Nϭ2. The stretching effects might explain the experimental finding that the conductances of the Pt and Ir atom chains oscillate similarly to that of the Au chains but with larger amplitude. 8 Compared to Au the conductance of Pt chains is expected to depend more strongly on the change in bond distance due to the conduction channels involving the d electrons. 23 In conclusion, we have studied electron-transport properties of AM and NM atom chains from first principles. In the NM nanoconstrictions the lowering of the atomic coordination results in charge transfer from uppermost d orbitals to s orbitals. A potential barrier is built up at the atom chain and the electron transport over it resembles that of free electrons. The conductance of the NM chains is close to one quantum of conductance and it oscillates as a function of the chain length so that conductance maxima ͑minima͒ occur at an even ͑odd͒ number of atoms in the chain. This is in contrast to the transport through AM chains for which the resonances due to the molecular states are dominating and result in strong even-odd conductance oscillations with the phase opposite to that of NM chains. Our simulations for the Au atom chains indicate that the conductance changes remarkably during the stretching of the wire. Our notions are important when interpreting the recent MCBJ results for Au chains. The model valid for AM atom chains cannot be used for NM atom chains. Moreover, on the ultimate limit of the atomic chain noble-metal atomic wires with a rather structureless free-electron-like conductance would be superior over the alkali-metal atomic wires showing strong resonance effects. This work was supported by Academy of Finland through the Center of Excellence Program ͑2000-2005͒, and the Danish Natural Research Council ͑SNF͒. We acknowledge the generous computing resources of the Center for the Scientific Computing ͑CSC͒, Espoo, Finland.
